The sensitivity of an organism to hypoxic injury varies widely across species and among cell types. However, a systematic description of the determinants of metazoan hypoxic sensitivity is lacking. Toward this end, we screened a whole-genome RNAi library for genes that promote hypoxic sensitivity in Caenorhabditis elegans. RNAi knockdown of 198 genes conferred an invariant hypoxia-resistant phenotype (Hyp-r). Eighty-six per cent of these hyp genes had strong homologs in other organisms, 73 with human reciprocal orthologs. The hyp genes were distributed among multiple functional categories. Transcription factors, chromatin modifying enzymes, and intracellular signaling proteins were highly represented. RNAi knockdown of about half of the genes produced no apparent deleterious phenotypes. The hyp genes had significant overlap with previously identified life span extending genes. Testing of the RNAi's in a mutant background defective in somatic RNAi machinery showed that most genes function in somatic cells to control hypoxic sensitivity. DNA microarray analysis identified a subset of the hyp genes that may be hypoxia regulated. siRNA knockdown of human orthologs of the hyp genes conferred hypoxia resistance to transformed human cells for 40% of the genes tested, indicating extensive evolutionary conservation of the hypoxic regulatory activities. The results of the screen provide the first systematic picture of the genetic determinants of hypoxic sensitivity. The number and diversity of genes indicates a surprisingly nonredundant genetic network promoting hypoxic sensitivity.
A N extensive understanding of the mechanisms of hypoxic adaptation and death has derived from a variety of experimental models. Both turtles and fish have developed remarkable adaptive mechanisms to survive prolonged and severe hypoxia by metabolic depression and excretion or buffering of anaerobic metabolites (Storey and Storey 2004) . Cancer cells have been found to have complex alterations in metabolism, translation and transcription factors, and apoptosis machinery, each of which has been shown to contribute to a general resistance to hypoxic cell death (Soengas et al. 2001; Mackeigan et al. 2005; Brahimi-Horn et al. 2007; Koritzinsky et al. 2007) . In animal and cellular models of stroke and myocardial infarction, channels, receptors, and oxygen free radicals are major determinants of neuronal and myocyte hypoxic cell death and have been the focus of therapeutic trials (Kevin et al. 2005; Bano and Nicotera 2007; Green 2008) . Unfortunately, multiple human clinical trials with compounds targeting these determinants have not proven efficacious against stroke (O'Collins et al. 2006; Green 2008) . The contrast between the remarkable full recovery of hibernating animals subjected to prolonged and severe hypoxia and the profound failure of pharmaceutical neuroprotection trials suggests that we are far from a complete understanding of the determinants of hypoxic survival.
A major omission in the experimental approach to hypoxic injury is a systematic screen for genes that control metazoan hypoxic sensitivity. Large-scale screens are capable of giving a complete or at least a much more complete list of genes and mechanisms that control hypoxic sensitivity. Systematic unbiased screens invariably find surprising genes that had not been found by any other approach. Such screens might be accomplished by two distinct methodologies. A large-scale mutagenesis screen, if done to the point of saturation, could isolate mutations in the entire complement of genes that control hypoxic sensitivity. However, the subsequent identification of these genes would be a prolonged process even in the most genetically tractable models. A second approach is to screen a library of constructs that produce RNAi knockdown of each gene in the genome. While theoretically possible to do in any organism, large-scale RNAi screens for organismal phenotypes have only been accomplished in the nematode Caenorhabditis elegans and in the fruit fly Drosophila melanogaster.
We have previously shown that high-level resistance to hypoxic death of the whole organism is possible in C. elegans by mutation or knockdown of single genes 1 (Scott et al. 2002; Dasgupta et al. 2007 ). Organismal death is preceded by permanent behavioral deficits, neuronal, and myocyte loss, and necrotic-like cell death (Scott et al. 2002) . Mutations in the canonical programmed cell death pathway result in moderate hypoxia resistance of the adult animal, indicating that apoptotic cell death contributes to the demise of the animal after hypoxia (Dasgupta et al. 2007) . We made use of the reliable C. elegans death phenotype following hypoxic incubation and an available whole-genome RNAi library to perform a systematic screen for determinants of hypoxic sensitivity in an intact organism.
MATERIALS AND METHODS

Strains:
The wild-type strain used was N2 var Bristol (Brenner 1974) . rrf-1(pk1417) and opt-2(lg601) were obtained from the Caenorhabditis Genetics Center funded by the National Institutes of Health National Center for Research Resources. Prior to placing on RNAi bacteria for screening, worms were cultured at 20°on nematode growth medium (NGM) agar plates seeded with OP50 bacteria (Brenner 1974) .
Primary screening: From the Ahringer library ) (MRC Geneservice), 16,757 RNAi were cultured in 96-well format (van Haaften et al. 2004 ) and induced with 0.1% b-lactose in S-Basal 1 100 mg/ml ampicillin for 24 hr at 22°. Approximately 10 N2 age-synchronous L1 worms in 50 ml S-Basal 1 100 mg/ml ampicillin 1 0.1% b-lactose 1 0.01% Tween-20 were introduced into 100 ml of induced RNAi culture and maintained at 20°with agitation. Seventy-two hours later, worms not reaching adulthood were excluded from the screen. If an entire plate was contaminated or had low food density, the plate was rescreened. For hypoxic testing, plate lids were replaced with an adhesive breathable film and plates were incubated in a hypoxia chamber (Scott et al. 2002) for 22 hr at 26.5°and recovered for 24 hr at 20°with agitation. Oxygen tension was always ,0.3%. Wells containing .1 moving worm were scored as hypoxia resistant. Each experiment had a control plate containing hypoxia-sensitive (L4440, empty vector) and hypoxia-resistant [daf-2(RNAi), ced-4(RNAi)] controls.
Secondary screening: One-generation feeding RNAi (Timmons 2006 ) was performed on 30-50 age-synchronous adult worms/RNAi plate in triplicate. Visible phenotypes were noted, then hypoxic incubations were performed (Scott et al. 2002) . In addition to L4440, a GFP (RNAi)-containing strain L4417 was used as a negative control (Timmons et al. 2001) . Plates with $30% survival were rescreened. After three rounds of secondary screens, 277 putative positive RNAi clones were obtained. The hypoxia resistance of these 277 was tested in three subsequent quantitative trials. RNAi clones that produced a level of survival that did not overlap with any negative control values were considered highly hypoxia resistant. These 198 clones were statistically different from concurrent controls by a Bonferroni-corrected Fisher's exact test, P , 0.01/277. These 198 clones were also tested in rrf-1(pk1417) in triplicate.
RNAi clone verification and annotation: During the final test of secondary screening, a portion of RNAi bacterial cultures was reserved for sequencing the plasmid insert of each positive clone with flanking vector primers. Five clones contained wrong targets (chromosome.plate.well): I.16.C4 should be T05F1.8 but is C33F10.12; I.21.A1 should be R06C1.1 but is T11B7.3; II.7.E4 should be K03F6.8 but is C14F11.1; II.33.A11 should be W01G7.2 but is F52B10.1; and IV.24.D2 should be ZK896.8 but is W01A11.3. For incorrect clones, the final validation testing was done on the correct target. All worm and human annotations were from Wormbase and Ensembl. Gene orthologs were determined by reciprocal BLAST with a similarity measure ,10
À10
. siRNA and hypoxia treatment of cell lines: All siRNA and scrambled negative control oligos were ordered from QIAGEN (Germantown, MD) and handled according to manufacturer's instruction. T98G and HeLa cell lines were gifts from Steven Barger, University of Arkansas for Medical Sciences and from Philip Stahl, Washington University School of Medicine, respectively, and were maintained in minimal essential medium (MEM) (30-2003, ATCC, Manassas, VA) supplemented with 10% fetal bovine serum (FBS) (35-015-CV, Mediatech, Manassas, VA). The day before siRNA transfections, $35,000 cells were plated/well in 24-well plates with MEM 1 10% FBS. Each well was transfected with 20-40 nm siRNA mixed with 1 ml lipofectamine 2000 (catalog no. 11668027, Invitrogen, Carlsbad, CA) in triplicate, according to manufacturer's instruction. Twenty-four hours after transfection, siRNA oligos and transfection reagent were removed and cells were maintained in MEM 1 10% FBS for another 48 hr then washed twice with MEM and maintained in fresh MEM 1 10% FBS. After washes, cells were incubated in hypoxia (,0.3% oxygen, 37°) for 16 hr (HeLa) or 20 hr (T98G). Cells recovered in a humidified incubator (5% CO 2 , 37°) for 2-3 hr, the time required for full recovery. Cell death and survival were scored for each siRNA. For cell death, lactate dehydrogenase (LDH) was measured for each culture well from an aliquot of media using a kit (G1780, Promega). MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] colorometric assay was used to assay survival (M2128, Sigma-Aldrich) (Mosmann 1983) . Six wells of cells transfected with negative control siRNA were maintained in normoxia and lysed as controls for maximal LDH release and total cell number for MTT assays. Percentages of dead and alive in each well were normalized to negative control values and the survival was expressed as a ratio of live/(dead 1 live). Unpaired t-test (P , 0.05) with Bonferroni correction in every trial (minimum of three independent trials) was used to evaluate statistical significance. For assessment of knockdown efficiency by qRT-PCR, cDNA was synthesized from 2 mg total RNA using RETROscript kit (AM1710, Ambion, Austin, TX). qRT-PCR was performed using Power SYBR Green PCR Master Mix (4367659, Applied Biosystems, Foster City, CA) in a 7500 Fast instrument (Applied Biosystems). ACT-3 expression was used as an endogenous control with ROX passive reference dye. Fold expression changes were calculated using the DDC T method.
cDNA microarrays: L4-staged worms were subjected to 2, 4.5, and 6 hr of hypoxia (,0.3% oxygen, 26.5°) and to 2, 4.5, and 6 hr of normoxia (21.0% oxygen, 26.5°). Total RNA was isolated immediately using Trizol reagent (Invitrogen). RNA quality was measured using Nanodrop-1000 spectrophotometer (ThermoScientific, Waltham, MA). High quality RNA samples (OD260/280 . 1.9) were used as inputs for microarrays. Eight micrograms of RNA were subjected to reverse transcription and subsequent hybridization using 3DNA Array 350 kit (Genisphere, Hatfield, PA). Cy3-and Cy5-labeled samples were hybridized to C. elegans whole genome oligonucleotide microarrays (Genome Sequencing Center, Washington University). Slides were scanned on a ScanArray 3000 (Perkin Elmer, Waltham, MA) at 10-mm resolution. Three biological replicates (independent RNA isolations), each with a technical replicate (dye swap), were performed for each condition. Raw microarray fluorescent intensity data were processed and analyzed with GeneSpring GX 7.3.1 (Agilent Technologies, Santa Clara, CA). Each time point was subjected to Lowess normalization (per spot and per array) separately. Not all of the 198 genes were present on the microarray and some were represented more than one time. The gene list contained 190 of 198 genes. A flag filter was applied to include all genes that hybridized in three or more trials, which narrowed the gene list to 142. One-way ANOVA (P , 0.05) was performed to find genes that were statistically different between hypoxia and normoxia at each time.
RNAi off-target gene identification: Using empirically defined levels of sequence identity required for off-target effects (Rual et al. 2007 ), a computer program (available upon request) was written to parse the intended target gene coding sequence into all possible 25-, 50-, 100-, 200-, and 300-bp overlapping fragments and then BLAST these fragments against the C. elegans genome. The worm database build WS187 was used to run StandAloneBlast; 16 of the genes were not able to be BLASTed because of a bug in StandAloneBlast. All code was written in Perl using ActivePerl 5.8.8 Build 882. Bioperl module 1.5.2_100 was used to assist in running and parsing BLASTs. The requirement for off-target effects with respect to percent sequence identity is defined as 96% for a 25-bp sequence (or 24/25 bp), 92% for a 50-bp sequence (46/ 50), 88% for a 100-bp sequence (88/100), 83% for a 200-bp sequence (166/200), and 80% for a 300-bp sequence (240/ 300) (Rual et al. 2007 ). We defined a potential off-target hit as any BLAST high-scoring pair with the above threshold identity that was not the query sequence. The intended target RNAi fragment was then aligned with the potential off-target sequence to see if the intended target RNAi lay within the same region of homology as the off-target sequence. We found 62 potential off-target RNAi and 45 of these were present in the RNAi library, including 9 that had been tested in our secondary screening. We tested all available off-target RNAi clones for hypoxia resistance (supplemental Table 1 ).
RESULTS
RNAi screen design:
A schematic of the screen design and an example of the hypoxia-resistant (Hyp-r) phenotype are shown in Figure 1 , A and B. The design of the RNAi screen had a number of features that deserve comment. First, the screen was designed to identify genes whose reduction-of-function phenotype is hypoxia resistance. Thus, only genes that promote hypoxic sensitivity would be identified. While finding genes that promote survival from hypoxia (knockdown phenotype would be hypoxic hypersensitivity) is equally important, hypoxia resistance was technically easier to score and does not have the concern of a nonspecific sickness that might promote death from any stressor. Second, the primary screen was designed for high throughput and relatively low stringency to narrow efficiently the number of candidates without eliminating moderately hypoxiaresistant animals. Third, the primary screen began RNAi exposure at the first larval stage. This maximized the length of RNAi exposure while allowing embryonic development, where the majority of cell divisions occur, to proceed normally. Thus, genes affecting both early development and hypoxic sensitivity might be identified. Finally, the primary screen was followed by multiple rounds of secondary screening and validation with large numbers of animals that were scored in a quantitative and stringent manner on agar plates. Thus, reduced developmental rates, partial embryonic/larval lethality, and partial sterility could be accommodated and the level and reproducibility of hypoxia resistance could be determined. Finally, in the validation phase, all RNAi clones that were positive in all three secondary screening trials were scored in triplicate assays with simultaneous negative controls and only those clones producing a high level of resistance (no overlap with and .4 SD from the negative controls, P , 0.01/277) were considered further. Additionally, all the Hyp-r clones were sequenced to confirm their identity and the potential for off-target gene effects was determined and found to be possible for only a few genes that had similar functions to their off-target counterparts (supplemental Table 1 ). Thus, the final hyp gene list is definitive in that all genes on the list promote hypoxic sensitivity in C. elegans. However, while this is the largest set of such genes thus far reported, this list is certainly incomplete for a variety of reasons including the potential for exclusion of essential genes, lack of or failure to grow of RNAi clones for some genes, and poor efficacy of RNAi for some genes.
The hypoxic sensitivity (Hyp) genes: From the 16,757 clones in the Ahringer C. elegans RNAi library , animals on 6.4% of the clones were not scored because of poor bacterial growth or embryonic or larval arrest. The remainder was screened, and 198 RNAi clones were ultimately shown to produce hypoxia resistance ( Figure 1C , Table 1, supplemental Table 2 , and supplemental Movies 1 and 2). These hypoxic sensitivity (Hyp) genes fell into a variety of functional classes ( Figure 1D , Table 1, and supplemental Table 2) . A large proportion of the Hyp genes participate in biosynthesis of macromolecules, particularly those classified in the translation and transcription categories. Extensive and varied experiments have shown that downregulation of both translation and transcription enhance recovery from a hypoxic environment (Storey and Storey 2004; Koritzinsky et al. 2007) . For translation, all of the Hyp genes encode general factors for either cytoplasmic or mitochondrial protein synthesis. Specific translation initiation and elongation factors have been linked to hypoxia-induced translational arrest and resistance to hypoxic injury (Koritzinsky et al. 2007 ). Our results show that inhibition of a variety of translation machinery proteins can protect from hypoxic injury. Counterintuitively, components of the proteosomal complex were identified. A priori, inhibition of protein degradation should be deleterious as this process should rid the cell of misfolded and toxic proteins. Yet, in the face of ongoing hypoxic injury, proteosomal activity appears to be maladaptive in C. elegans, and considerable evidence from mammalian models supports this hypothesis (Di Napoli and McLaughlin 2005) .
For transcription, the complement of Hyp genes is larger and more complex, with general and specific transcriptional activators and repressors. We found several genes involved in chromatin remodeling and nucleosomal histone modifications in our screen. Although hypoxia has been shown to induce global transcriptional repression in other systems, recent work suggests that specific histone modifications can occur resulting in selective transcriptional activation and repression, which regulates a cellular response that is not fully understood (Wang et al. 2004; Johnson et al. 2008 ). Our RNAi screen identified isw-1, a member of the ISW1/NURF chromatin remodeling complex, containing homology to components of the NuA3 complex that activates transcription by acetylating histone H3 (Corona and Tamkun 2004) . We also found genes that act on nucleosomal histones to control transcription (set-14, ruvb-2, mxl-1, hda-1, and uba-2). set-14 and ruvb-2 helicases commonly function to activate transcription globally (Poulin et al. 2005) . mxl-1 can associate with different partners to either activate or repress transcription. hda-1 generally functions to repress transcription but has recently been shown to activate transcription in specific cases (Kasper et al. 2005) . uba-2 has been implicated in sumoylation of hda-1, and sumoylation appears to promote HDAC1 function (Poulin et al. 2005) . These findings suggest that transcriptional control via nucleosome and chromatin modification are Overview of feeding RNAi screen design. The primary screen of 16,757 double-stranded RNA clones for those conferring a hypoxia-resistant phenotype (Hyp-r) was performed in liquid culture in 96-well plates. Clones from wells with surviving animals following hypoxia were rescreened in a quantitative assay on agar plates and those that produced significant resistance in three successive trials were validated by an additional three trials, sequence confirmation, and off-target examination. (B) Time lapse image of locomotion after recovery from hypoxia by a Hyp-r RNAi vs. vector control. Worms were fed either vector or a Hyp-r RNAi, incubated in hypoxia for 20 hr then recovered for 24 hr. Note lack of movement or evidence of tracks in the bacterial lawn of vector control animals compared to relatively normal movement and lawn tracks by Hyp-r worms. (C) One hundred ninety-eight RNAi were identified as producing a Hyp-r phenotype. Scatter plot represents the percent survival of each Hyp-r RNAi plotted by chromosome compared to the two negative controls, L4440 vector, and L4417, a dsRNA designed against GFP. The bar represents the median value for that group. (D) Hyp genes organized by functional category. (continued ) important events in determining the hypoxic sensitivity of the animal. Many of the Hyp genes perform fundamental cellular functions that when knocked down could be deleterious to the health of the organism. However, 105 Hyp genes had no other gross phenotypes, such as embryonic/larval lethality, sterility, or developmental delay, when scored by us or as reported by others in large-scale RNAi screens (supplemental Table 2 ) Simmer et al. 2003; Rual et al. 2004) . We attribute this surprising lack of pleiotropy to a number of factors inherent in the design of the screen. First, the screen would have selected against RNAi's producing a highly penetrant embryonic/ larval lethality or developmental delay. Second, the animals were exposed to RNAi for only one generation; thus, maternal gene products may have allowed development to adulthood for some genes. Finally, RNAi is often not fully penetrant and may not produce a null phenotype. One particularly interesting pleitropy among the Hyp genes was effects on life span. Our screen identified 11 Hyp genes that have been shown by others to have a long-lived (Age) phenotype (Lee et al. 2003; Hamilton et al. 2005; Hansen et al. 2005; Curran and Ruvkun 2007; Kim and Sun 2007 ) (supplemental Table  2 ). We have previously shown that long-lived mutants in the daf-2 gene, which encodes an insulin/IGF-receptor that mediates its effect through repression of the transcription factor DAF-16, are strongly Hyp-r (Scott et al. 2002) . Further, aging and hypoxic exposure might reasonably share some common determinants as both can be thought of as a form of stress. Therefore we were not surprised to find overlap between the results of our screen and other RNAi screens for long life span. Three genes that have known genetic interactions with the DAF-2 pathway were particularly interesting. age-1 is a PI-3 kinase subunit in the DAF-2 insulin signaling pathway, which validated our screening approach. Loss of age-1 makes worms long lived and resistant to hypoxia (Friedman and Johnson 1988; Scott et al. 2002) . We also identified lin-23 in our screen. Paradoxically, lin-23(RNAi) in both daf-2(lf) and N2 backgrounds shortens life span by affecting the localization of DAF-16/FOXO transcription factor (Ghazi et al. 2007) . DAF-16 mislocalization should increase hypoxic sensitivity; thus, lin-23 must act through a DAF-16-independent mechanism distinct from that controlling life span to increase hypoxic sensitivity. Another interesting Hyp and Age gene is opt-2, an oligopeptide transporter. opt-2(lf) enhances daf-2(rf)-dependent elongation of life span and is suppressed by daf-16; however, increased stress resistance in opt-2(lf) is not suppressable by daf-16 (Nehrke 2003; McElwee et al. 2004; Meissner et al. 2004) . We have confirmed that an opt-2 deletion allele (Meissner et al. 2004 ) is strongly hypoxia resistant [opt-2(lg601), 99.1 6 0.5% alive after 20-hr hypoxia]. It will be of interest to determine whether the hypoxia-resistance phenotype of opt-2(rf) requires DAF-16. Gene name is noted for those with assigned C. elegans name; % alive in N2 background, mean of three independent trials; 48 genes without strong homolog/function are not shown.
Hyp genes function in both somatic and germ cells to control hypoxic sensitivity: Given that the hyp genes were defined in a screen for survival of a multicellular organism, we considered the possibility that one cell type might be particularly important for organismal hypoxic sensitivity. Specifically, the question of the relative contribution of knockdown of Hyp genes in germline cells vs. somatic cells was relevant. Germ cells are rapidly dividing and pluripotent while somatic cells are terminally differentiated and turn over slowly if at all. Indeed, in a mutagenesis screen for hypoxia resistance, we isolated several sterile mutants, and we found that at least one preexisting sterile mutant, glp-1(bn18), is hypoxia resistant (data not shown). Additionally, ablation of germ cells increases C. elegans life span (Hsin and Kenyon 1999; Arantes-Oliveira et al. 2002) , and germline stem cells regulate cell nonautonomously organismal fat metabolism (Wang et al. 2008) . Thus, we considered the possibility that germline cells might be particularly sensitive to hypoxia and that knockdown of expression of Hyp genes in the germline might contribute disproportionately or even exclusively to the Hyp-r phenotype. To test this hypothesis, we utilized a loss-of-function mutation in rrf-1, a gene required for RNAi knockdown of expression in somatic but not germ cells (Sijen et al. 2001) . If the Hyp-r phenotype for a particular gene was due exclusively to knockdown in somatic cells, the hypoxia resistance would be completely suppressed in a rrf-1(lf) background, whereas if the locus of action was exclusively germline, the hypoxia resistance would be unchanged in the rrf-1 mutant. We tested all 198 genes in the rrf-1 background and found that the RNAi Hyp-r phenotype for the majority of genes was strongly suppressed by the rrf-1 mutant (Figure 2A and supplemental Table 2 ). There was no correlation between the strength of the Hyp-r phenotype and rrf-1(lf) suppression. Examination of a microarray data set that documented genes with enriched expression in the C. elegans germline (Reinke et al. 2000) revealed that most of the Hyp genes (88/150 Hyp genes in the Reinke data set) were not germline enriched (supplemental Table 2 ). These data argue that both somatic cells and germ cells contribute to organismal hypoxic sensitivity. However, there were several examples of either full suppression by rrf-1(lf) ( Figure 2B ) or no suppression ( Figure 2C ). Thus, knockdown of some genes acting primarily in either somatic cells or germ cells can protect the entire organism from hypoxic death.
Hyp gene expression in normoxia and hypoxia: We wondered if Hyp genes were transcriptionally regulated by hypoxia. We expected two different types of transcriptional responses. Decreases in expression of the Hyp genes in response to hypoxia would suggest a proadaptive response to repress the Hyp gene. Upregulation of expression of Hyp genes, on the other hand, would be maladaptive. To examine the response to hypoxia of all hyp genes, we utilized whole-genome oligonucleotide microarrays (http:/ /genome.wustl.edu/ genome/celegans/microarray/ma_gen_info.cgi). Significant but relatively short hypoxic exposures were chosen to minimize cell death in sensitive cell types and thereby reflect changes in cellular expression rather than alterations in cell type abundance. Expression from 142 of 190 hyp genes found on the microarray were reliably detected in both normoxia and hypoxia ( Figure  3A) . Any genes not expressed in normoxia and hypoxia were excluded from analysis. The failure to detect these genes by microarray is presumably due to low expression levels in general, expression only in a particular larval stage or in a small subset of cells, lack of representation on the microarray of the dominant splice variant, or poor reverse transcription or hybridization. Nine hyp genes were found to be significantly up-or downregulated by hypoxia at one or more time points ( Figure 3B ). Two genes were particularly interesting in this regard. pro-2 was downregulated by hypoxia. pro-2 is involved in nuclear export of preribosomes and has downregulated expression in both 2 and 6 hr of hypoxia. A decrease in nuclear ribosome export would be one means to arrest translation and reduce the level of aggregrated polysomes that have been proposed to contribute to hypoxic cytotoxicity (Degracia and Hu 2007) . hmg-1.2 was found to be upregulated by hypoxia. hmg-1.2 encodes a highly conserved HMG1/2-like DNA binding protein that may function as a general transcription factor (Sessa and Bianchi 2007) . Human HMGB1 expression is activated early in ischemia-reperfusion injury of the heart and appears to promote myocardial injury (Andrassy et al. 2008) . Upregulation of hmg-1.2 by hypoxia suggests that it may perform a similar role in worms as a maladaptive death-promoting gene early in hypoxic exposure.
Hypoxia resistance by knockdown of human orthologs of Hyp genes: Finally, we asked whether orthologs of the Hyp genes could function similarly in mammalian cells to promote hypoxic sensitivity. We were motivated to perform these experiments for two reasons. First and most obvious, we wanted to determine which if any of genes functioned similarly in cells from other organisms besides C. elegans. Second, we wanted to determine the effect of these genes or their orthologs, not only on the hypoxic sensitivity of the organism but also on cells in isolation, thereby defining directly their effects on hypoxic cell death. Of the 73 human reciprocal orthologs (supplemental Table 2 ), we selected 30 to test for their role in hypoxic cell death by siRNA knockdown. The human genes were chosen only by strength of orthology and by distribution among the functional classes. Two distinct cell types were used: HeLa cells, a human cervical epithelial cancer permanent cell line (Masters 2002) and T98G cells, a human glioblastomaderived cell line (Stein 1979) . The cell types were chosen for their diverse tissue origin and well-estab-lished competence for transfection. Of the 30 human orthologs tested, siRNA knockdown of 9 of them significantly protected HeLa cells from hypoxic death (Figure 4 , A and C); 6 siRNAs protected T98G cells (Figure 4 , B and D). Three siRNAs protected both cell types. Thus, taken together 12/30 or 40% of the siRNAs were protective in either of these cell types. Given the impressive number of hypoxia-resistant siRNAs, we were concerned despite appropriate controls that the siRNAs themselves might be nonspecifically inducing hypoxia resistance. Thus, we randomly chose an additional 10 siRNAs in the same library to test (supplemental Table 3 ). Only 1 of the 10, programmed cell death 11 (PDCD11), conferred hypoxia resistance (data not shown). Thus, the orthologs of the C. elegans Hyp genes appear to be markedly enriched for genes that promote hypoxic sensitivity in at least these two cell types.
DISCUSSION
Previous forward mutagenesis screens, candidate screens, existing mutant screens, and multigenerational selections have identified genes that regulate hypoxic sensitivity in C. elegans (Jiang et al. 2001; Padilla et al. 2002; Scott et al. 2002; Nystul et al. 2003; Shen et al. 2005; Mendenhall et al. 2006; Samokhvalov et al. 2008; Anderson et al. 2009; ) and/or Drosophila (Ma et al. 2001; Chen et al. 2002; Zhou et al. 2007; . In Drosophila, most of these hypoxic sensitivity genes function to reduce hypoxic sensitivity and would not have been expected to be found in our screen. However, the hypoxia-resistance phenotype of a P-element insertion in Drosophila sec6 and phenotypic reversion by precise P-element excision showed that sec6 promotes hypoxic organismal death in Drosophila (Zhou et al. 2007) as does its C. elegans ortholog, sec-6 (Table 1, supplemental Table 2 -Channels/transport). Thus, the role of SEC-6 in promoting hypoxic sensitivity appears to be evolutionarily conserved.
In C. elegans, we have shown (Scott et al. 2002) and others have confirmed (Mendenhall et al. 2006 ) that daf-2(rf) alleles are hypoxia resistant. We have also shown that mutants in age-1, which functions downstream of daf-2 to promote hypoxic sensitivity, are also hypoxia resistant (Scott et al. 2002) . age-1 was identified in our RNAi screen but daf-2 was not. The daf-2 RNAi construct in the Ahringer library does not provide good knockdown or hypoxia resistance when we tested it directly (data not shown); thus, it is not surprising that it was not found in our screen. However, a different daf-2(RNAi) construct , kindly provided by Andrew Dillin and Cynthia Kenyon, confers a strong hypoxia-resistant phenotype and served as a hypoxiaresistant positive control for our screen. The daf-2 false negative result serves to illustrate one of the many reasons that our screen would not have identified all C. elegans genes, whose reduction-of-function phenotype is hypoxia resistance. The Hyp-r phenotype of daf-2(rf) has been shown to be partially suppressed by RNAi targeting of gpd-2/3, which encode glyceraldehyde-3-phosphate dehydrogenases (GAPDHs) (Mendenhall et al. 2006) . GAPDH catalyzes a requisite step in glycolysis. However, Mendenhall et al. (2006) found that RNAi knockdown of other glycolytic enzymes did not suppress the Hyp-r phenotype of daf-2(rf). Thus, the mechanism whereby GAPDH regulates hypoxic sensitivity may be through a nonglycolytic function. Our screen showed that knockdown of some glycolytic enzymes produces hypoxia resistance, suggesting that reducing glycolytic activity is beneficial in the setting of acute hypoxic injury. We have also recently reported the results of a mutagenesis screen where a reduction-offunction mutation in an aminoacyl-tRNA synthetase was isolated that conferred very high level hypoxia resistance (Anderson et al. 2009 ). RNAi targeting of other aminoacyl-tRNA synthetases showed that knockdown of most of these enzymes results in hypoxia resistance and that the primary mechanism of resistance was translational suppression (Anderson et al. 2009 ). Only one aminoacyl-tRNA synthetase was found in the RNAi screen, but several other translational machinery genes were found. It will be interesting to determine if the translation factors implicated in the screen are inherently more important in regulating hypoxia than others.
Only $5% of the Hyp genes were found to be hypoxia regulated in our microarray assays. With a similar hypoxic exposure, a previous microarray experiment in C. elegans found that $110 of 17,817 C. elegans genes were hypoxia regulated (Shen et al. 2005) . Thus, the Hyp genes may be enriched for hypoxia-regulated genes. Of the hypoxia-regulated genes reported by Shen et al. (2005) , 3, C24B9.9(dod-3), F02E8.6(npc-1), and F45D11.16, were found in our RNAi screen. None of these genes reached statistical significance in our microarray experiments. Nevertheless, both dod-3 and ncr-1 are quite interesting. dod-3 was also found to be An ordered heat map was created for 142 genes that had above threshold signals in more than half of the hybridizations. Each column corresponds to a gene's normalized expression over a time course of 2, 4.5, and 6 hr of incubation in hypoxia (H) or normoxia (N). RNA was isolated immediately at the end of the incubation. (B) One-way ANOVA identified 10 genes whose expression is statistically different (P , 0.05) between hypoxia and normoxia at one or more time points (2, 4.5, and 6 hr). The mean normalized expression was determined from six independent hybridizations of three biological replicates.
regulated by the daf-2/daf-16 pathway (Murphy et al. 2003) , and the human ortholog of ncr-1 was shown to regulate the hypoxic sensitivity of both HeLa and T98G cells (Figure 4 and supplemental Table 3 ). Thus, these two genes are particularly attractive candidates for future study.
The results of our screen pose an enigma: If 198 genes all contribute proportionally to the hypoxic sensitivity of the organism, how does knockdown of any one gene produce strong hypoxia resistance? Simple additivity of the genes' functions would require that the phenotype of any one gene would be immeasurable. Yet, this is clearly not what we found. One explanation is that the network of hyp genes is highly interdependent and synergistic with loss of activity of any one gene markedly reducing the effect of all the other genes on hypoxic sensitivity. However, examination of the functional categories in which the genes function indicates that the hyp genes act in diverse pathways that do not directly intersect. Indeed, examination of potential network interactions among the human orthologs of the hyp genes revealed relatively small networks that did not include genes from all functional categories (data not shown; Ingenuity Systems, Redwood City, CA) (Calvano et al. 2005 ). An alternative view of the hyp genes more consistent with their molecular identities is that multiple independent parallel pathways control hypoxic sensitivity and that hypoxic sensitivity is not the arithmetic sum of its component determinants. Rather, hypoxic survival does not behave as a continuous variable but is somewhat binary with inhibition of any one of multiple pathways capable of flipping the switch in favor of survival. 
